Background: Fatigue is commonly reported by cancer patients. In some instances it can persist after treatment is completed. In order to develop effective treatment strategies it is important to understand the mechanisms underlying the development of fatigue and to be able to predict those that may be at greatest risk of experiencing fatigue during and following treatment. The current paper examines predisposing factors for fatigue including altered fatty acid homeostasis in a cohort of breast cancer radiotherapy patients. Methodology: Patients had undergone breast-conserving surgery and adjuvant breast irradiation. Prior to radiotherapy the patients were free from significant fatigue. Levels of fatigue were determined prior to and following radiotherapy using the Functional Assessment of Cancer Therapy fatigue subscale. Plasma fatty acid levels, urinary and plasma amino acid levels, blood biochemistry factors and general health and lifestyle characteristics were assessed. Results: Following radiotherapy, significant fatigue affected approximately one third of the 26 patients and these subjects were then assigned to the fatigued cohort. Univariate analysis revealed that higher levels of the fatty acids myristic acid and eicosadienoic acid were present for the fatigued cohort prior to radiotherapy. Multivariate analysis also revealed that fatty acid homeostasis was altered between the fatigued and non-fatigued groups at baseline. Orthogonal partial least squares discriminant analysis of the general health, lifestyle and metabolic data revealed that the fatigued and non-fatigued patients could be clustered into two clearly separate groups. Conclusions: The results supported the proposition that the fatigued patients had an underlying metabolic homeostasis which may predispose them to the development of fatigue. Biochemical and general health profiling of breast cancer patients has the potential to identify those at most risk of developing significant fatigue following radiotherapy.
Introduction
With the development of improved methods for the screening and treatment of breast cancer and subsequent increased survival rates [1] there is a growing need to consider quality of life after treatment is completed. Fatigue is the most common symptom experienced by cancer patients. It can result in a reduction in quality of life both during therapy [2] and in some cases persist long after treatment has been completed [3, 4] . Although its etiology remains unknown a number of therapies have been trialed for cancer-related fatigue including exercise programs [5] and various psychosocial interventions [6] . Not all breast cancer patients receiving radiotherapy will develop fatigue and to date it has not been possible to predict which patients would develop significant fatigue following treatment and which would remain fatigue-free.
It has been proposed that cancer-related fatigue is multifactorial in origin with biological, psychological and social factors contributing to its development [6] . Profiling may provide an opportunity to further understand the etiology of cancer-related fatigue and to potentially develop a predictive method to identify those patients most at risk of developing significant fatigue. The ability to identify patients at risk of developing fatigue would allow clinicians to target therapies for fatigue at this subgroup. Through patient profiling it may be possible to not only prevent the development of fatigue but also to identify particular risk factors which are amenable to treatment. The formulation of an amino acid nutritional supplement aimed at addressing possible nutritional deficiencies may prove to be one such treatment. The current study aimed to determine whether alterations in underlying fatty acid metabolism could be identified in breast cancer radiotherapy patients who developed significant fatigue following treatment compared with those patients who remained fatigue-free. The study also aimed to determine whether patient profiling incorporating a range of variables including metabolic and general health and lifestyle characteristics, would allow for the differentiation of fatigued and non-fatigued patient groups.
Materials and Methods

Patient Characteristics and Measures
Study participants included twenty-six women (age, 55.6 ± 7.7 years, mean ± SD) who underwent breast-conserving surgery for breast cancer followed by adjuvant breast irradiation. Patients were assessed for levels of fatigue using the FACT fatigue subscale [7] . Patients were also assessed for anxiety and depression and numerous general health and lifestyle characteristics. Blood and urine samples were collected for blood biochemistry, plasma fatty acid, plasma amino acid and urinary amino acid analysis. With the exception of plasma fatty acids, the methodology and results for these measures have previously been presented for a subgroup of the current patient cohort see [8] . It should be noted that as a large number of subject characteristics were assessed, in some instances missing data resulted in varying sample numbers. The study was a pilot study and the interpretation of the results should be undertaken with this in mind. The study protocol was approved by the Hunter Area Research Ethics Committee and all subjects provided informed consent.
Plasma Lipid Fatty Acid Analysis
Blood samples were collected from patients at baseline (immediately prior to commencement of a radiotherapy treatment regime), at 5 weeks and at 6 months after commencement of radiotherapy. Thirty-five mL venous blood samples were collected from each patient at the Radiation Treatment Department, Calvary Mater Newcastle for blood biochemistry, plasma amino acid and plasma fatty acid analysis. Each patient had fasted approximately 10 hours prior to sample collection. Lithium heparin plasma separation tubes were used for the collection of blood samples for plasma fatty acids. Samples were spun at 3000 rpm for 10 min, frozen within an hour of collection and then stored at −80˚C. Samples were transported to the University of Newcastle laboratory where they were stored at −20˚C until processing. Fatty acid composition of plasma lipids was then determined via gas chromatography-mass spectrometry (GC-MS). Prior to GC-MS detection, plasma lipids were converted to fatty acid methyl esters (FAMEs) through a transesterification method developed by Lepage and Roy [9] .
Statistical Analysis
Univariate analyses and forward stepwise discriminant analysis were performed using the Statsoft Statistica ™ (release 6.0) software. Fatty acid data were assessed using forward stepwise discriminant function analysis performed on log transformed fatty acid concentration data. Associations between altered blood biochemistry factors and fatty acid concentration data were performed using Spearman rank order correlation analysis. Mann-Whitney U test, Chi square and Fisher's exact probability were also used where appropriate.
Orthogonal partial least squares discriminant analysis (OPLS-DA) was conducted using SIMCA-P+ (12.0, Umetrics Sweden) [10, 11] . Plasma and urinary amino acid data and blood biochemistry data were log transformed prior to OPLS analysis. All data were pre-treated by mean centering and unit variance scaling prior to model generation. Optimal model complexity was produced according to the cross validation procedure [12] . All analyses were performed using seven cross validation groups in which all data were left out of the modeling once. As recommended, the assignment of cross-validation groups was implemented by SIMCA-P+. Data were checked for outliers using Hotelling's T2 and each individual calculated orthogonal score distance to the modeled X-data, and all observations were found to be well within the 95% confidence interval.
Results and Discussion
Patient data were included in this analysis if they did not report significant fatigue at the commencement of the radiotherapy treatment regime. To determine this, a subset of the FACT fatigue scale [7] consisting of 13 questions was used prior to commencement of radiotherapy treatment to assess baseline levels of the fatigue in the patients. In this study and previous research, significant fatigue was defined as a score of <37 [13, 14] . Patients were included in the present study if they had a score of ≥37 at the baseline sampling point just prior to commencement of radiotherapy. The patients were then subsequently classified within the fatigued group (n = 9) if they scored <37 at the 5-week and/or 6-month assessments. The non-fatigued group (n = 17) scored ≥ 37 at each follow-up assessment. Approximately one third of the patient cohort developed significant fatigue following radiotherapy ( Table 1) . As expected, significantly lower mean fatigue scores for the fatigued group were seen at 5 weeks (mean ± SEM, fatigued 34.8 ± 2.7, non-fatigued 48.2 ± 1.1, P < 0.0001) and at the 6 month mark (fatigued 36.0 ± 4.3, non-fatigued 51.5 ± 0.8, P < 0.0001). Despite the exclusion of subjects reporting significant fatigue prior to commencement of radiotherapy, a significant difference was observed at baseline between the Statistical tests: ANOVA, Chi square and Fisher's exact probability were used as appropriate.
*
None of the comparisons revealed statistically significant differences between fatigued and non-fatigued study groups (P < 0.05).
mean fatigue scores of the two groups (mean ± SEM, fatigued 46.2 ± 2.2, non-fatigued 51.7 ± 0.8, n = 9 and 17, P < 0.01). Pre-treatment levels of fatigue have previously been demonstrated to predict the levels of fatigue reported following radiotherapy for cancer [15] . In the current study, no significant differences were revealed between the fatigued and non-fatigued patient characteristics (age, BMI, menopausal status and radiation dosage ( Table 1) .
With only one exception, systemic hormone therapy, no significant differences were revealed between the fatigued and non-fatigued groups in the many clinical or general health and lifestyle characteristics assessed [8] (for a list of measures undertaken, see [8] ). In addition to these factors, other confounding variables such as differing treatment interventions, types and stages of cancer and the presence of fatigue prior to radiation therapy were also controlled. Therefore it proved possible in the current project to investigate the onset of fatigue following radiotherapy treatment with a relatively homogenous subject cohort.
Blood plasma amino acids and urinary amino acids were previously assessed for a subset of the current patient cohort and these data have been summarized, see [8] . The fatty acid levels were also assessed for the same blood plasma samples and the results have been presented for the baseline, 5-week and 6-month sampling points in Table 2 .
In general, the fatigued group had higher levels of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA) and total fatty acids compared with the non-fatigued group at baseline. However, the differences seen in these classes of fatty acids did not reach levels of statistical significance due to higher than anticipated variance. Two exceptions to this were myristic acid (C14:0) and eicosadienoic acid (C20:2n-6) which were significantly elevated for the fatigued group compared with the non-fatigued group at baseline ( Table 2) .
The data for the baseline fatty acid data were analyzed by forward stepwise discriminant function analysis which indicated a significant difference in the fatty acid profiles of the fatigued group compared with the non-fatigued group (Wilks' Lambda = 0.4, P < 0.002). The discriminant function model was able to accurately classify the participants of the study into their appropriate clinical groups with 75% of the fatigue group correctly classified and 94% of the non-fatigued group (total accuracy, 88%).
Blood biochemistry analyses (electrolyte levels, kidney, liver and thyroid function tests) were carried out for each of the three time points. Univariate analysis (MannWhitney U test) revealed that alkaline phosphatase was reduced at baseline and after 5 weeks of radiotherapy for the fatigued cohort in comparison to the fatigue-free group. Anion gap was reduced at 5 weeks while total protein levels were reduced at 6 months for the fatigued cohort, see [8] . Fatty acid data were subjected to correlation analyses with two of these significantly altered blood biochemistry factors, total protein and alkaline phosphatase. Correlation analyses were performed against all fatty acids measured and for each sampling time (see Figures 1 and 2) . The r-values have been plotted for each of the fatty acids which have been grouped according to their fatty acid classes (SFA, MUFA and PUFA) to show positive and negative associations. The correlations discussed were significant at the P < 0.05 level. It would be expected that if metabolic homeostasis was not affected in the fatigued group compared with the non-fatigued group, then no differences in correlation patterns would be evident. Figure 1(a) shows that in the non-fatigued group all the fatty acids had positive associations with the total plasma protein concentrations. A large number of the fatty acids (C16:0, C18:0, C22:0, C16:1n-7, C18:1n-7, C18:1n-9, C20:1n-9, C24:1n-9 and C20:4n-6), and the fatty acid classes (total SFA, total MUFA and total fatty acids) showed significant positive correlations (P < 0.05) for the non-fatigued group. In contrast, the fatigued group showed none of the above correlations but did have C18:2n-6, total n-6 and total PUFA as significant positive correlations with total plasma protein.
Many of the associations observed in the fatigue group were negative but not significant at the baseline assessment. These results indicated that different associations were present between the plasma fatty acid composition and plasma protein concentrations for the fatigued group compared with the non-fatigued group. . Values are the mean (SEM) and are expressed as fatty acid concentration (nmol/mL). n = 8 and 17 at baseline, 9 and 16 at 5 weeks and 9 and 17 at 6 months for the fatigued and non-fatigued groups respectively.
Following five weeks of radiation treatment all fatty acid associations with total plasma protein were positive for the non-fatigued group, although only those for C22:0, C24:0, C24:1n-9, C18:2n-6, total n-6, total n-3, total PUFA and total fatty acids were statistically significant (P < 0.05) (Figure 1(b) ). In comparison to the JCT associations demonstrated at baseline, the pattern seen at 5 weeks represented a changing profile of associations for the non-fatigued cohort following radiotherapy. In contrast, the fatigued group showed predominantly negative and non-significant associations between plasma fatty acid concentrations and total protein levels at 5 weeks. At the 6 month sampling point, with only one exception, the non-fatigued group displayed negative correlations between the plasma fatty acids and total protein, none of which were significant. However, all the fatty acids for the fatigued group displayed positive associations. The fatty acids C18:0, C20:0, C22:0, C24:0, C20:1n-9, C22:1n-9, C24:1n-9, C18:2n-6, total n-6 and total PUFA all displayed strong, significant correlations with total protein. It was clear that the correlations between total protein levels and plasma fatty acid concentrations changed over the course of the study for both groups. The profiles of associations were different between the fatigued groups and non-fatigued groups at all stages of assessment.
A second set of correlational analyses was based upon alkaline phosphatase activities and plasma fatty acids. In contrast to total protein, alkaline phosphatase was not correlated with any of the fatty acids measured for the non-fatigued or fatigued groups at baseline (Figure 2(a) ). At 5 weeks (Figure 2(b) ), alkaline phosphatase was negatively correlated with both C22:6n-3 and total n-3 fatty acids for the non-fatigued group. The fatigued group showed a single significant correlation between alkaline phosphatase and C14:0. The 6-month assessment (Figure 2(c) ) showed no associations between alkaline phosphatase and plasma fatty acids for the non-fatigued group while the fatigued group comprised many strong positive correlations including with C16:0, C16:1n-7, C18:2n-6, C18:1n-9, C18:1n-7, C18:0, C20:4n-6, C22:6n-3, C24: 1n-9, total fatty acids, total MUFA, total PUFA, total n-3 and total n-6 (P < 0.05).
The entire dataset consisting of clinical symptoms, life style characteristics, blood biochemistry, blood plasma amino acids and fatty acids as well as urinary excretion of amino acids were collated for each patient and subjected to orthogonal partial least squares (OPLS) discriminant analysis. Inspection of the OPLS scores revealed that fatigued patients and the non-fatigued patients could be effectively separated and clustered into two clearly defined groups (Figure 3) . This finding supported the proposition that the fatigued patients had an underlying metabolism which made them susceptible to developing severe fatigue following radiotherapy. The patients who were assigned to the fatigued group have been coded in red and are clustered on the right hand side with higher t1 scores. It is possible to see that the two repeat visits at 5 weeks and 6 months, also occurred within the same cluster compared with the non-fatigued patients who were positioned on the left-hand side with negative t1 scores.
The OPLS-DA revealed the existence of a number of components contributing to the reported development of significant fatigue following radiation treatment. A primary set of these differential variables have been presented in Table 3 and include biochemical, clinical and general health and lifestyle measures.
The components contributing to the OPLS-DA separation of fatigued and non-fatigued patients included numerous biochemical measures, the identification of which supported the univariate analyses previously performed for this group of patients. An increase in the excretion of urinary amino acids was seen for the fatigued group in comparison to the non-fatigued group whilst alkaline phosphatase, total protein and anion gap demonstrated significant differences between the two groups, see [8] .
An overall pattern of increased excretion of urinary amino acids was supported by the OPLS-components from the DA model. The presence of a differing fatty acid homeostasis and alterations in blood biochemistry factors including in alkaline phosphatase activity were also supported by the P1 loadings. Amongst the general health and lifestyle factors contributing to the OPLS-DA separation were factors which have previously been associated with cancer related fatigue such as anxiety [16] , depression [17, 18] , systemic hormone therapy [19] and the presence of comorbid diseases such as arthritis [18] . The identification of other contributing factors in the development of fatigue in breast cancer patients such as tea, coffee and red wine consumption and the laterality of the primary tumor may warrant further investigation. It has been suggested that due to incidental cardiac irradiation, the risk of development of cardiovascular disease (CVD) in breast cancer survivors may be influenced by the laterality of the tumor. Amongst older women, an increase in the risk for CVD has been demonstrated for breast cancer survivors who had received radiotherapy treatment for left-sided tumors [20] . In the current study, both primary tumor laterality (left-side) and CVD were principal factors contributing to the separation of the fatigued and non-fatigued patients.
Conclusion
Alterations in metabolic homeostasis between the fatigued and the non-fatigued groups prior to and following radiotherapy were indicated by both univariate and correlational analyses of the fatty acid data. Forward stepwise discriminant function analyses at baseline also indicated that alterations in fatty acid homeostasis were present before radiotherapy treatment was begun for the fatigued cohort. In concert with the results of amino acid analysis carried out for a subgroup of the same patient cohort [8] these findings supported the hypothesis that the fatigued patients possessed an underlying metabolic homeostasis which could contribute to their susceptibility for the development of significant fatigue following radiotherapy. The results indicated that the profiling of breast cancer radiotherapy patients, including biochemical, health and lifestyle characteristics, has the potential to identify those women most at risk of developing significant fatigue. The components included within the OPLS-DA model indicated that a number of risk factors for fatigue were present within the fatigued cohort including an elevated loss of amino acids via urinary excretion. The results generated suggest that the use of OPLS-DA modeling has the potential to be used as a screening tool to predict the development of significant fatigue in breast cancer radiotherapy patients who are free from fatigue prior to treatment. A larger scale study is required to test the predictive power of the model.
